In these lectures, I review the status of the electroweak sector of the Standard Model, with an emphasis on the importance of radiative corrections and searches for the Standard Model Higgs boson. A discussion of the special role of the TeV energy scale in electroweak physics is included.
INTRODUCTION
The Standard Model (SM) is the backbone of elementary particle physics-not only does it provide a consistent framework for studying the interactions of quark and leptons, but it also gives predictions which have been extensively tested experimentally. In these notes, I review the electroweak sector of the Standard Model, discuss the calculation of electroweak radiative corrections to observables, and summarize the status of SM Higgs boson searches.
Despite the impressive experimental successes, however, the electroweak theory is not completely satisfactory and the mechanism of electroweak symmetry breaking is untested. I will discuss the logic behind the oft-repeated statement: "There must be new physics at the TeV scale". These lectures reflect my strongly held belief that upcoming results from the LHC will fundamentally change our understanding of electroweak symmetry breaking.
THE STANDARD MODEL
The electroweak sector of the Standard Model has been reviewed extensively in the literature [1, 2, 3, 4, 5, 6, 7, 8] and I provide only a brief summary here. The WeinbergSalam model is an SU (2) L ×U (1) Y gauge theory containing three SU (2) L gauge bosons, W i µ , i = 1, 2, 3, and one U (1) Y gauge boson, B µ , with kinetic energy terms,
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where
A mass term for the W and B gauge bosons would break the SU (2) L × U (1) gauge symmetry.
Coupled to the gauge fields is a complex scalar SU (2) L doublet, Φ,
with a scalar potential given by
(λ > 0). This is the most general renormalizable and SU (2) L invariant potential. The state of minimum energy for µ 2 < 0 is not at φ 0 = 0 and hence the scalar field develops a vacuum expectation value (VEV). The direction of the minimum in SU (2) L space is not determined since the potential depends only on the combination Φ † Φ and we arbitrarily choose
With this choice the scalar doublet has U (1) Y charge (hypercharge) Y Φ = 1 and the electromagnetic charge is
yielding an unbroken electromagnetic charge symmetry:
The contribution of the scalar doublet to the Lagrangian is,
In unitary gauge, the scalar doublet can be written in terms of a physical scalar Higgs field, h, as 
which gives the contribution to the gauge boson masses from the scalar kinetic energy term of Eq. 8,
The physical gauge fields are two charged fields, W ± , and two neutral gauge bosons, Z and A,
The gauge bosons obtain masses via Eq. 11:
Three of the degrees of freedom of the complex scalar doublet have been absorbed by the gauge bosons to generate longitudinal polarizations for the W and Z gauge bosons. This is the Higgs mechanism.
Since the massless photon must couple with electromagnetic strength, e, the coupling constants define a weak mixing angle θ W , Fermions can easily be included in the theory and we consider the electron and its neutrino as an example. It is convenient to write the fermions in terms of their left-and right-handed projections,
The lef-handed fermions are assumed to transform as an
From Eq. 6, the hypercharge of the lepton doublet must be Y L = −1. Since the neutrino is (at least approximately) massless, it can have only one helicity state which is taken to be ν L . From the four-Fermi theory of weak interactions, we know that the W -boson couples only to left-handed fermions (see for example, Ref. [6] ). Experimentally, the righthanded fields do not interact with the W boson, and so the right-handed electron, e R , must be an SU (2) L singlet and so has Y e R = −2. Using these hypercharge assignments, the leptons can be coupled in a gauge invariant manner to the
All of the known fermions can be accommodated in the Standard Model in a similar manner. The SU (2) L and U (1) Y charge assignments of the first generation of fermions are given in Table 1 . The left-handed fermions are SU (2) L doublets, while the righthanded fermions are SU (2) L singlets. The SU (3) color charge assignments are also listed for convenience.
The parameter v can be found from the charged current for µ decay, µ → eν e ν µ , by making the identification, The interaction strength for muon decay is measured very accurately to be G µ = 1.16637 × 10 −5 GeV −2 and can be used to determine v = ( √ 2G µ ) −1/2 = 246 GeV . A fermion mass term takes the form
As is obvious from 
This gives the effective coupling,
which can be seen to yield a mass term for the down quark if we make the identification
In order to generate a mass term for the up quark note that Φ c ≡ −iτ 2 Φ * is an SU (2) L invariant, allowing the coupling,
which generates a mass term for the up quark. Similar couplings can be used to generate mass terms for the charged leptons. Since the neutrino has no right handed partner, it remains massless. Hence a single scalar Higgs doublet not only generates masses for the gauge bosons, but also for fermions. Unfortunately, the size of the fermion masses remains unexplained. The couplings of the Higgs boson to the fermions and gauge bosons are directly proportional to their masses (by construction), which has the implication that the Higgs boson decays primarily to the heaviest particles kinematically allowed. At tree level, the Higgs couplings to photons and gluons vanish since the photon and gluon are massless. These couplings first arise at 1-loop and hence are sensitive to new non-SM particles which may propagate in the loops. The Higgs boson branching ratios are shown in Figs. 1 and 2 and they can easily be calculated including higher order corrections using the programs HDECAY [9] or FEYNHIGGS [10] .
One of the most important points about the Higgs mechanism is that all of the couplings of the Higgs boson to fermions and gauge bosons are completely determined in terms of gauge coupling constants and fermion masses. The potential of Eq. 4 has two free parameters, µ and λ . We can trade these for
There are no remaining adjustable parameters and so Higgs production and decay processes can be computed unambiguously in terms of the Higgs mass alone, making the Higgs sector of the theory completely determined in the SM. When the scalar potential is expressed in terms of v and M h , it becomes,
and it is apparent that for heavy Higgs masses (M h ∼ 1 TeV ), the Higgs self-interactions become strong.
EXPERIMENTAL SEARCHES FOR THE HIGGS BOSON LEP
The Higgs boson was directly searched for at the LEP collider through the process e + e − → Zh at energies up to √ s = 209 GeV . The Higgs boson decays to the heaviest particles kinematically accessible (bb and τ + τ − for the LEP searches) and the Z decays roughly 70% of the time to jets, 20% to neutrinos, and 10% to charged leptons. The LEP experiments searched in all of these channels and obtained the limit on a SM Higgs boson [12] , M h > 114. 4 GeV .
This limit can potentially be evaded by constructing models where the Higgs boson decays to non-SM invisible particles with large branching ratios or the Higgs has highly suppressed non-SM couplings to the Z [13] . A Higgs boson with couplings an order of magnitude smaller than the SM hZZ coupling has been ruled out by the LEP experiments for M h < 80 GeV .
Tevatron
The production rates for the SM Higgs boson at the Tevatron are shown in Fig. 3 . The largest rate is that for the partonic subprocess gg → h (Fig. 4) . For M h < 140 GeV , the Higgs decays almost entirely to bb pairs, as seen from Fig. 1 . Unfortunately, the bb background is many orders of magnitude larger than the signal and it does not appear possible to extract a Higgs signal from the gg → h → bb channel [5] . For M h > 140 GeV , however, the rate to WW * 3 grows with increasing Higgs boson mass (see Fig. 2 ) and becomes large near the W + W − threshold. Using this channel, the Tevatron experiments have excluded a single point, M h = 170 GeV [14] , as shown in primarily through the associated production channel shown in Fig. 6 . Although the cross section is smaller than in the gluon fusion channel, the decay products of the Z or W can be tagged and used to reduce the background. The Tevatron limits are normalized to the SM expectations and for 114 GeV < M h < 170 GeV are between a factor of 3-7 above the SM predictions as can be seen in Fig. 7 [15] . It is interesting to note that more than 70 different channels are used to obtain Fig. 7 , making the statistical combination of individual limits quite complicated. The Tevatron exclusion results are rate limited and are expected to improve with increasing luminosity.
LIMITS FROM PRECISION MEASUREMENTS
The electroweak sector of the SM can be tested at the multi-loop level due to its predictive nature. In the electroweak sector of the SM, the gauge sector has four fundamental parameters, the SU (2) L ×U (1) Y gauge coupling constants, g and g ′ , as well as the two parameters of the Higgs potential, which are usually taken to be the vacuum expectation value of the Higgs boson, v, and the Higgs mass, M h . Once these parameters are fixed, all other physical quantities in the electroweak sector can be derived in terms of them (and of course the fermion masses and CKM mixing parameters, along with the strong coupling constant α s ). Equivalently, the muon decay constant, G µ , the Z-boson mass, M Z , and the fine structure constant, α, can be used as input parameters. Experimentally, the measured values for these input parameters are [17] ,
The W boson mass is defined through muon decay,
The SM satisfies ρ = 1 at tree level and predicts the weak mixing angle in terms of the gauge boson masses,
At tree level, all definitions of the weak mixing angle (Eq. 14) are equivalent, but the definitions differ at higher order. In Eq. scheme. Eqs. 30 and 31 imply,
At tree level, the SM therefore predicts from Eq. 32,
in disagreement with the measured value[16],
In order to obtain good agreement between theory and the experimental data, it is crucial to include radiative corrections [18, 19] . For example, the prediction for M W can be expressed as [20] ,
where ∆r SM summarizes the radiative corrections. The dependence on the top quark mass, m t , is particularly significant as ∆r SM depends on m t quadratically, where N c = 3 is the number of colors. The top quark does not decouple from the theory even at energies far above the top quark mass. The decoupling theorem [21] (which says that heavy particles do not affect low scale physics) is violated by the top quark because the top quark couplings to both the Higgs boson and the longitudinal components of the gauge bosons are proportional to m t and also because the SM is not renormalizable without the top quark.
The dependence of M W and other electroweak observables on the Higgs boson mass is logarithmic and so predictions are much less sensitive to M h than to m t . The complete contribution to ∆r SM can be approximated for a heavy Higgs [20] ,
The first term in Eq. 37 results primarily from the scaling of δ α from q 2 = 0 to M Z . The agreement between the prediction for the W mass given by Eqs. 35 and 37 with the measured value is a strong test of the theory. The measurements of M W and m t can be used to infer limits on the Higgs boson mass, as can be seen in Fig. 8 . A relatively light value of M h is clearly prefered. The measured values for some high energy observables from LEP, SLC, and the Tevatron are listed in the left hand column of Fig. 9 . The best fit to the predictions of the SM (including radiative corrections) is given in the right hand column. The agreement between the data and the predictions is compelling evidence for the validity of the SM at current energy scales. From Fig. 8 , we see that the measured W mass is slightly high compared with the value extracted from the precision electroweak data of Fig. 9 . The data can be used to obtain a prediction for the Higgs boson mass as seen in the "blue-band" plot of 
It is somewhat distressing that the best fit from the observables of Fig. 9 is in the region excluded by the LEP direct search, Eq. 26. When the direct search results from LEP are included, a 95% confidence level upper bound is found,
This limit assumes that there are no particles which contribute to the radiative corrections to the SM observables of Fig. 9 beyond the SM particles (and also that all couplings have their SM values). It is quite easy to evade the limit of Eq. 39 in extentions of the SM. The fits shown in Figs. 8, 9 and 10 were performed by the LEP Electroweak Working Group. Other groups have also done global fits with slightly different methodologies and assumptions [22, 23] . The GFITTER collaboration has a version of the blue-band plot shown in Fig. 11 which includes theory uncertainties, which can be seen to be significant. The best fit to the Higgs mass from the GFITTER collaboration is,
in good agreement with the LEP Electroweak Working Group fit of Eq. 38. The GFIT-TER result including the direct search results from both LEP and from 3 f b −1 of data at the Tevatron (Figs. 5 and 7) is shown in Fig. 12 . It is interesting that the Tevatron search results are beginning to influence the global fit to the Higgs mass.
WHY IS THE STANDARD MODEL UNSATISFACTORY?
Although the SM is for the most part consistent with experimental data, most theorists believe that it is incomplete. In this section, I summarize the arguments for the existence of physics beyond the SM.
Perturbativity and Triviality
Theoretical bounds on the Higgs boson mass have been deduced on the grounds of triviality, [24, 25, 26] which can be summarized as the requirement that the Higgs quartic coupling remain finite at high energy scales. Consider the scalar sector of the SM,
where the quartic coupling is
The quartic coupling, λ , changes with the effective energy scale Q due to the self interactions of the scalar field:
where t ≡ log(Q 2 /Q 2 0 ) and Q 0 is some reference scale. Solving Eq. 43,
Summing the geometric series,
From Eq. 45 we see that λ (Q) blows up as Q → ∞ (called the Landau pole). Regardless of how small λ (Q 0 ) is, λ (Q) will become infinite at some large value of Q. Alternatively,
The requirement that the quartic coupling be finite at a high scale Λ,
can be interpreteted as a bound on the Higgs boson mass,
(where we set Q 0 = v). Requiring that the SM be valid up to the scale associated with grand unified models, Λ ∼ 10 16 GeV , yields the approximate upper bound, The allowed region is between the curves. From Ref. [26] .
As the scale Λ becomes smaller, the limit on the Higgs mass becomes progressively weaker. For large Λ, of course, higher order and non-perturbative corrections must be included [27] . Λ is often interpreted as the scale of new physics, since above the scale Λ the SM is no longer a sensible theory. Another bound on the Higgs mass can be derived by the requirement that spontaneous symmetry breaking occur,
This bound is essentially equivalent to the requirement that λ remain positive at all scales Λ. (If λ becomes negative, the potential is unbounded from below and has no state of minimum energy.) For small λ , the scaling is [3] ,
where g t = m t /v is the top quark Yukawa coupling. Eq. 50 is easily solved to find,
Requiring λ (Λ) > 0 gives the bound on the Higgs boson mass,
A more careful analysis along the same lines as above [27] using the 2 loop renormalization group improved effective potential 5 
Eqs. 47 and 53 imply that if the SM is valid up to around 10 16 GeV , then the Higgs mass is restricted to be between approximately 126 GeV and 160 GeV [26, 27, 28, 29] . It is interesting that this is precisely the region preferred by the electroweak precision obervables of the previous section. As the scale Λ is reduced, the allowed range for the Higgs mass is enlarged. The theoretically allowed region for the Higgs mass as a function of the scale Λ is shown in Fig. 13 . It is important to remember that this bound assumes the SM with a single Higgs doublet. In extentions of the SM with extra Higgs doublets (for example, in supersymmetric models), it is possible to evade the bound of Eq. 53.
Naturalness
One of the most glaring theoretical inadequacies of the SM arises when we compute quantum corrections to the Higgs boson mass. One-loop corrections to the Higgs mass have the undesirable feature that they depend quadratically on high scale physics [30] . The basic point can be illustrated with a simplified version of the SM containing a single fermion, ψ, coupled to a massive Higgs scalar, φ ,
Assume that this Lagrangian leads to spontaneous symmetry breaking and φ = (h + v)/ √ 2, with h a physical Higgs boson. After spontaneous symmetry breaking, the fermion acquires a mass, m F = λ F v/ √ 2. Consider the fermion self-energy arising from the scalar loop corresponding to Fig. 14 .
The renormalized fermion mass is m r The integral can be performed in Euclidean space with a momentum space cut-off using the fact that for a symmetric integral [31] ,
In Eq. 57, Λ is a high energy cut-off, presumably of the order of the Planck scale or a grand unified scale. The renormalization of the fermion mass is,
where the .... indicates terms independent of the cutoff or which vanish when Λ → ∞. This correction clearly corresponds to a well-defined expansion for m F . In the limit in which the fermion mass vanishes, Eq. 54 is invariant under the chiral transformations,
and setting the fermion mass to zero increases the symmetry of the theory. Since the Yukawa coupling (proportional to the fermion mass term) breaks this symmetry, the corrections to the mass must be proportional to m F . The situation is quite different, however, for the renormalization of the scalar mass from a fermion loop (Fig. 15) using the same Lagrangian (Eq. 54),
Integrating as before with a momentum space cutoff,
The Higgs boson mass depends quadratically on the high scale cut-off Λ. Note that the correction is not proportional to M h . Setting the Higgs mass equal to zero does not increase the symmetry of the Lagrangian and there is nothing that protects the Higgs mass from large corrections.
In the Standard Model, we expect that the physical Higgs boson mass, M h , is of the order of a few hundred GeV from the precision results discussed in the previous section. The quadratic contributions to the Higgs boson mass renormalization in the SM are [29] 
Eq. 62 suggests that in order not to have large cancellations, Λ should be O(TeV ). This is known as the hierarchy problem: Why should Λ be O(TeV ) and not the Planck scale? Understanding the hierarchy problem as expressed by Eq. 62 has stimulated much model building. The basic approach is to postulate new particles which contribute to the Higgs mass renormalization at one loop and cancel the SM contributions. Supersymmetric models do this by postulating scalar particles associated with the known fermions with just the right couplings to cancel the SM contributions to Eq. 62, while Little Higgs type models cancel the SM quadratic contributions using particles with the same spin as the SM particles. In both cases, the models contain TeV scale particles which can potentially be observed at the LHC.
Unitarity
A different type of limit on the SM parameters is obtained by looking at high energy scattering. For a 2 → 2 elastic scattering process, the differential cross section is
Using a partial wave decomposition, the amplitude can be written as
where a l is the spin l partial wave and P l (cos θ ) are the Legendre polynomials. The cross section is,
where we have used the fact that the P l 's are orthogonal. The optical theorem gives,
This immediately yields the unitarity requirement,
or equivalently,
As a demonstration of restrictions coming from the requirement of perturbative unitarity, consider the scattering of longitudinal gauge bosons, W
The J = 0 partial wave, a 0 0 , in the limit M 2 W << s, is [32, 33] ,
At very high energy, s >> M 2 h , Eq. 69 has the limit
Applying the unitarity condition, | Re(a 0 0 ) |< 
It is important to understand that this does not mean that the Higgs boson cannot be heavier than 870 GeV , it simply means that for heavier Higgs boson masses perturbation theory is not valid. The Higgs boson plays a fundamental role in the theory since it cuts off the growth of the partial wave amplitudes and makes the theory obey perturbative unitarity. Taking the alternate limit, s << M 2 h ,
Again applying the unitarity condition, we obtain, √ s c < 1.7 TeV .
The notation s c denotes s(critical), the scale at which perturbative unitarity is violated. Eq. 73 is the basis for the oft-repeated statement, There must be new physics on the TeV scale. It is encouraging that Eq. 73 is exactly the energy scale that will be explored at the LHC. 
SEARCHES FOR THE HIGGS BOSON AT THE LHC
The LHC is expected to find the Higgs boson for all Higgs masses less than around 800 GeV [34, 35] . The production cross sections are large (Fig. 16 ) and the theoretical predictions are well understood, with all important Higgs production channels known to at least next-to-leading order accuracy [36] . As is the case at the Tevatron, the largest production mechanism is gluon fusion, but again the largest decay for light Higgs bosons, h → bb, has an overwhelming QCD background. Above about M h ∼ 140 GeV , the Higgs decays to WW * and ZZ * can be used for a Higgs discovery.
The vector boson fusion channel (Fig. 17) , which is not important at the Tevatron, is useful for Higgs discovery over a large Higgs mass region at the LHC [5] . By tagging the forward jets associated with the Higgs production, the background can be significantly reduced. This channel can potentially be used to observe the decay h → τ + τ − [37] and h → W + W − [38] .
